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Abstract. We report an investigation of the equilibrium and dynamic properties of polyelectrolyte solutions
confined between platinum surfaces with a dynamic Surface Force Apparatus. The polyelectrolyte adsorbs
on the surfaces in a dense compact layer bearing a surface charge in good agreement with the theoretical
predictions. The flow of the solution on this charged adsorbed layer is probed over four decades of spatial
scales and one decade of frequency by dynamic measurements. At distances larger than the hundredth of
nanometers, the flow of the viscoelastic solution is well described by a partial slip boundary condition.
We show that the wall slip is quantitatively described by an interfacial friction coefficient, according
to the original Navier’s formulation, and not by a slip length. At smaller distance the partial slip model
overestimates the solution mobility, and we observe the presence of a low viscosity layer coating the surfaces.
The viscosity and thickness of this boundary layer are directly resolved, and found to be independent on
shear-rate, frequency, and confinement. We discuss the thickness of the low viscosity layer in terms of the
structural length of the semi-dilute solution and the Debye length screening the adsorbed layer charge.
PACS. 68.15.+e Liquid thin films – 47.15.gm Thin film flows – 83.50.Rp Wall slip and apparent slip –
83.80.Rs Polymer solutions – 82.35.Rs Polyelectrolytes
1 Introduction
When a solid surface is put in contact with a polymer
solution, different situations can occur depending on the
polymer-surface interactions [1]. If the attraction is large,
polymer will adsorb on the surface. On the contrary, the
attraction between the polymer chains close to the surface
is low enough, a depletion layer can be obtained leading
to a zone of polymer concentration lower than in the bulk.
Neutron reflectivity has been shown to be a unique tool to
study the structure of the interfacial layer [2,3,4,5]. The
structural characterization of the interfacial layer has been
the subject of pioneering work by L. Auvray. In particu-
lar, in the case of a semi-dilute solution of polymer chains
of N monomers, which a is the monomer size, at con-
centration φ, he measured the adsorbed layers thickness
h = aN1/2φ7/8 as predicted by the theory [6,4]. The same
experimental neutron reflectivity setup has been used to
characterize the depletion layer. In the dilute regime, the
thickness of the depletion layer is of the order of the radius
of gyration of the free polymer coil. As the concentration
increases and approaches coil overlap in the semi-dilute
regime, the depletion layer decreases significantly to the
order of the bulk polymer correlation length, ξ [7].
There are many practical consequences of the existence
of either an adsorbed or a depletion layer at the inter-
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face between a polymer solution. If the structure of the
interfaces at equilibrium is now well established, the me-
chanical properties of the interfaces is still a only partially
understood question. A way to probe mechanically the in-
terfacial properties of the interface when a polymer solu-
tion is put into contact with a wall is generally to push a
fluid on this solution to create a continuous flow over the
interfacial layer. The effect of the surface properties can
thus be incorporated into a continuum description via a
hydrodynamic boundary condition (h.b.c.) to the Navier-
Stokes equation to describe the fluid-solid friction through
a slip at the interface. The slip boundary condition was
formulated by Navier in 1823 in the case of Newtonian
liquids [8] as a balance between viscous stress and friction
stress at the surface:
η
∂v
∂z |z=0
= λv(0) (1)
where η denotes the shear viscosity of the liquid and λ the
friction coefficient at the interface.
The amount of slip is usually quantified by the slip
length b = η/λ. A negative slip length (b < 0) is associated
to the presence of an adsorbed layer which corresponds to
an hydrodynamically dead layer close to the solid-liquid
interface. This has been shown with different experimental
techniques based on the reduction of flux of solvent when a
polymer is adsorbed on the wall of a suitable flow channel.
Various materials and configurations have been used, for
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example, sintered glass disks, porous membranes, single
glass capillaries, capillary arrays, the narrow channel of a
Surface Forces Apparatus [9,10,11].
On the contrary, a depletion layer is associated to a
layer of higher mobility close to the surface [12]. This can
be associated to a positive slip length that is often only
considered as an apparent slip [13,14,15,16,17] instead
of a real slip. Indeed, in the presence of a thin layer of
thickness δ depleted in polymer molecules, the apparent
slip length is [18,19]:
b = δ
(
η
ηs
− 1
)
, (2)
where η and ηs are the solution and solvent viscosity. The
size of this layer has been in debate since the 1980s [12].
It can be either close to the radius of gyration for dilute
polymer solutions or the correlation length for semi-dilute
solutions [20] or even greater than Rg or ξ if a migration
mechanism occurs. More recently, this as received larger
attention thanks to the development of micro to nano-
fluidics where people have studied the migration of DNA
solutions [21,17,22,23,16] or developed numerical models
[24,25,26,27].
Nevertheless, it should be noticed that polymer solu-
tions of long polymer chains can present a viscoelastic
character leading, in the linear regime to a complex viscos-
ity.The measurement of a slip length from Eq. 2 becomes
delicate.
In the present paper, we use a Dynamic Surface Force
Apparatus to precisely measure the boundary condition,
i.e. the slip length of a particular viscoelastic fluid made
of semi-dilute polyelectrolyte solutions. We measure in the
same experiment the equilibrium interactions and the hy-
drodynamic properties in a confined polyelectrolyte solu-
tion and the nanorheological behavior of the solutions. We
measure the apparent slip at large scale compatible to a
less viscous layer close to the interface. In a second time,
we study directly the thickness of this low viscosity bound-
ary layer by mechanical measurements which will allow to
propose different microscopic scenarios.
2 Materials and methods
2.1 Polyelectrolyte solutions and surfaces
We study aqueous solutions of partially hydrolyzed poly-
acrylamide (HPAM). HPAM is a water soluble polyelec-
trolyte well-known for its viscosifying properties at small
concentration, and widely used in the field of enhanced oil
recovery or water purification [28,29].
HPAM forms a linear chain of acrylamide monomers, a
fraction of which presents a carboxylate group. The molar
mass of the monomer is MA = 71.25 g/mol, and its size
is a ≈ 4 A˚. We use HPAM of molecular weight 20 106
g/mole (from SNF Flopaam 3630S) prepared in deionized
water solution, in the concentration range around 1 g/l. In
these conditions, which were otherwise well characterized
by other groups [16], the carboxyl groups are fully ionized,
CH2 HC
C
NH2
O
CH2 HC
C
OH
O
O− or
p m
Fig. 1. Partially hydrolyzed polyacrylamide.
and the fraction of charged monomer on the chains is f =
m/(m+ p) ≈ 0.25.
In the range of concentration studied the solutions are
expected to be in the semi-dilute entangled regime. The
entanglement criterion for a semi-dilute solution is C ≥
Ce = n
4C∗, where 5 ≤ n ≤ 10 is the average number of
chains with which a given chain is overlapping, and C∗ (in
g/l) is the overlap concentration [30]
C∗ ≈ (afN)−2l−1B MA/NA103 (3)
Here N = 280700 is the number of monomers in a chain,
NA is the Avogadro number, and lB = e2/4piwokBT is
the Bjerrum length [30]. At the experimental temperature
T = 28oC, with the relative dielectric constant of water
w = 77.22 [31], the Bjerrum length is lB = 7.2 A˚ and
C∗ = 0.16µg/l for the 20 106 g/mol HPAM. The crite-
rion for entangled semi-dilute solutions is fully met with
a calculated number of contacts n = 50. The correlation
length in these solutions is [30]:
ξ ≈ (af)−1/3l−1/6B (CNA103/MA)−1/2 (4)
giving ξ = 23 C−1/2 in nanometers, with C in g/l.
HPAM solutions are confined between a sphere and
a plane. The surfaces are made of highly smooth floated
borosilicate glass with a typical roughness of 2 A˚ over a
100 µm2 area, measured by atomic force microscopy. They
are then coated by a 10 nm thickness layer of chromium,
and then by a 90 nm thickness layer of platinum. These
metallic layers are deposited by magnetron sputtering.
The typical roughness of the coating is less than 5 A˚ over
a 100 µm2 area.
2.2 Dynamic Surface Force Apparatus (dSFA)
The experimental setup is a new Dynamic Surface Force
Apparatus (DSFA) that has recently been developed. De-
tailed description can be found in previous articles [32,
33]. This DSFA measures separately the relative displace-
ment h of the surfaces and the interaction force between
them. The surfaces used are a plane and a sphere of ra-
dius R = 3.3 mm. The apparatus measures the static
as well as the dynamic component of the force when the
sphere is moved towards or backwards the plane, and can
therefore be used as a nanorheometer. The sphere can
be moved in a direction normal to the plane over a dis-
tance of about 15 µm with a piezoelectric actuator. The
same actuator allows one to superimpose sinusoidal os-
cillation at angular frequency ω, leading to a distance
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D+h0 cosωt
F    +stat F   cos(ωt+ϕ)dyn
Fig. 2. Schematic of the dynamic Surface Force Apparatus
between the plane and the apex of the sphere equal to:
D(t) = D + h0 cos(ωt). The average distance D is var-
ied quasi-statically during the experiments at a velocity
lower than 1 nm/s). The plane is attached to a flexure
hinge in order to perform a force measurement with a
purely translational deflexion. The stiffness of the flexure
hinge is K = 5707 N/m, leading to a resonance frequency
f0 = 118 Hz and a quality factor Q = 500. The frequency
response of the hinge is further used to transform the dis-
placement of the plane into the quasistatic and harmonic
components of the interaction force. The frequency can
be varied between 10 to 300 Hz. The plane displacement
is measured with a Nomarski interferometer, leading to a
static resolution of 0.1 µN. The relative displacement be-
tween the sphere and the plane is directly measured with
another Nomarski interferometer with a 0.1 nm resolu-
tion for the quasistatic part. For dynamic measurements,
the output signals of the displacement and force inter-
ferometers are connected to two digital two-phase lock-in
amplifiers (Standford Research System SR830 DSP Lock-
In Amplifier) whose reference is used to drive the piezo-
electric actuator. In the dynamic regime, the displace-
ment sensibility is 1 pm and the force sensibility is 10 nN.
Our measurements are performed with a bandwidth of
1 Hz. The force exerted on the plane is written as follow:
F (t) = Fstat(D) + Fdyn(D,ω, h0) cos(ωt + ϕ). The zero-
frequency component Fstat(D) is the quasi-static force at
the distance D. It is related to the free energy W (D) of
the polymer solution confined between two parallel plates
by the Deryaguin approximation [34]:
Fstat(D)
R
= 2piW (D) (5)
The ω-harmonic force component Fdyn cos(ωt + ϕ) is
obtained for h0  D. In the limit of the linear response
Fdyn is proportional to h0 and we define the complex mo-
bility µ˜(D,ω):
µ˜(D,ω) =
D˙
Fdyn exp(iϕ)
=
iωh0
Fdyn exp(iϕ)
(6)
The real and imaginary components µR and µI of the
mobility measure respectively the dissipative component
and the elastic component of the sphere motion under
the applied dynamic force Fdyn. The sphere mobility thus
allows one to probe the bulk linear rheology of the liquid
as well as its boundary condition at the solid interface,
in the linear response limit. For a visco-elastic liquid of
complex viscosity η˜ = G˜/iω undergoing a Navier’s partial
slip boundary condition of symmetric nature on the solid
surfaces:
λ˜v˜slip = η˜
∂v˜x
∂z
(7)
the reduced mobilityR2µ˜(D) at large distanceD  |η˜|/|λ˜|
is asymptotically equal to [35]:
R2µ˜(D) ' D
6piη˜
+
1
3piλ˜
(8)
Thus the bulk modulus of the visco-elastic liquid can be
obtained from the slope of the linear growth of the reduced
mobility at large distance, whereas the boundary friction
coefficient is the ordinate at origin of the linear extrapola-
tion of this large distance behavior. The complex friction
coefficient:
1
λ˜
=
1
λR
+
iω
k
(9)
takes into account apparent slippage with dissipative in-
terfacial friction λR, and finite interfacial compliance with
a stiffness coefficient k. At smaller distance, the full ex-
pression of the reduced mobility with a partial slip bound-
ary condition, and neglecting surface deformation effects,
is given by the Hocking expression [36,35]:
R2µ˜(D) =
D
6piη˜f∗(η˜/λ˜D)
f∗(y˜) =
1
3y˜
(
(1 +
1
6y˜
) ln(1 + 6y˜)− 1
)
(10)
3 Equilibrium properties of confined
polyelectrolyte solutions
After a first cycle of approach, contact and withdrawal
of the surfaces, which is singular, the subsequents cycles
are highly reproducibles. This first cycle irreversibility has
already been observed in SFA studies of various polyelec-
trolytes confined between oppositely charged or neutral
surfaces [37]. In the following we present and discuss only
the reproducible cycles after the first one.
Figure (3) plots the typical interaction force normal-
ized by the sphere radius R Fstat/R measured in HPAM
solutions. Upon approaching the surfaces a repulsion inter-
action starts at a distance of around 20 nm from contact,
followed by a jump-to-contact. We define the origin of the
sphere-plane distance at the reception of this jump. How-
ever this is not a platinum-platinum contact: the stiffness
ZR inside the contact increases by discrete steps, show-
ing the expulsion of polyelectrolyte layers. The size of
the steps can be estimated to 5.2 A˚, which is close but
slightly larger than the monomer size a ≈ 4A˚. Therefore
the adsorbed layer is a dense, compact layer, as expected
and observed for the adsorption of polyelectrolytes from
a low ionic strength solution [37,30]. On separating the
surfaces a significant adhesion is measured, corresponding
to a F/R ratio of 19 mN/m, and to an interfacial tension
γSL = Fstat/4piR = 1.6 mN/m. It is usually considered
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that the adhesion force between polyelectrolyte adsorbed
layers increases with the charge density of the polyelec-
trolyte, and F/R ratios as high as 100-200 mN/m were
observed for a charge fraction f = 1 on mica [37]. The
magnitude found here for HPAM of charge fraction f=0.25
is in good coherence with this tendancy.
As shown on figure (4) the repulsion interaction on
approaching the surfaces is comparable in amplitude to
a DLVO interaction. In fig. 4 (C = 0.8 g/l) the Debye’s
length is 5.8 nm and the surface charge is 31 mC/m2.
Double Layer force were previously measured in polyelec-
trolyte solutions with the SFA [38]. We have used here a
DLVO calculation for a monovalent electrolyte, although
there is no added salt in the solution, and the polyelec-
trolyte itself is not exactly a monovalent electrolyte. We
justify this choice by the fact that the electrical dou-
ble layer neighboring the charged surfaces is essentially
made of monovalent counterions extracted from the bulk
electrolyte reservoir. At the experimental temperature of
28 o C with the relative permittivity of water of 77.22,
the Debye’s length of a monovalent electrolyte solution is
lD = 0.304/
√
c nm with c in mol/l, giving an equivalent
bulk concentration of monovalent electrolyte of 2.75 mM/l
for lD=5.8 nm. With the monomer mass MA = 71.25 g
and the ionization ratio f ' 0.25, the solution of 0.8 g/l
corresponds to a monovalent charge concentration of 2.77
mM/l, which is extremely close to the value deduced from
the Debye’s length. This supports the interpretation in
terms of DLVO interaction and the electrostatic nature of
the repulsive interaction force.
Thus, together with the stepped profile of the stiffness
inside the contact, the picture emerging from the equilib-
rium interaction force is a solid/solution interface made of
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chains adsorbed in a compact layer and creating a negative
surface charge. The negatively charged surface is neigh-
bored by an Electrical Double Layer (EDL) made of posi-
tive monovalent ions, from which the positively charged
free chains are essentially excluded. Polyelectrolyte ad-
sorption on surface has been the focus of extensive stud-
ies, due in part to the technological importance of poly-
electrolyte multilayers formed by the successive deposition
of positively and negatively charged polyelectrolytes from
aqueous solutions [30]. In the case of a low salt concentra-
tion, which is the case here, the overcharge of the surface
due to the chains adsorption is expected to be given by
[30]:
δσ = e
f1/3
u1/3alD
u =
lB
a
(11)
With the experimental value of the Debye’s length lD =
5.8 nm the above expression gives a surface charge of 35
mC/m2. This theoretical value is very close to the exper-
imental value issued from the DLVO fit of the repulsive
force. A schematic picture of the interface picture is drawn
in inset of figure (11).
4 Dynamic properties of confined
polyelectrolyte solutions
4.1 Thick films
Figure (5) plots the typical variation of the components of
the reduced mobility measured in a HPAM solution as a
fonction of the sphere-plane distance. At distances larger
than the micrometer, the variation of both components is
essentially a straight line, as expected for a visco-elastic
fluid. From eq. (8) the slope of these straight lines reflects
the components of the complex visco-elastic modulus of
the solutions. Both components have the same order of
magnitude, which demonstrates the strong visco-elastic
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Fig. 5. Components of the reduced mobility µ˜R2 measured
in an HPAM solution at a frequency of 220 Hz. Red dots:
dissipative part µRR
2, blue dots: elastic part µIR
2. The black
lines are the components of the extended Hocking expression
(10) fitted with a real-valued boundary friction coefficient λ˜ =
λR. Inset: enlargement below the micrometric scale.
character of the solutions. The plot also shows that the
flow does not obey a no-slip boundary condition on the
solid surfaces: the large distance variation of the dissipa-
tive part µRR
2 is not linear but affine with the distance.
It extrapolates to a finite ordinate at origin, pointing to-
ward values of the solid-liquid coefficient in the range of
30 kPa.s/m. To the contrary the conservative part µIR
2
extrapolates toward origin within the experimental uncer-
tainty, which suggests a purely dissipative friction at the
solid-liquid interface.
In order to determine precise values of the bulk mod-
ulii and partial slip boundary condition, we compare the
data to the exact theory given by eq. 10 for the oscillating
drainage flow of a visco-elastic liquid undergoing a Navier
boundary condition. According to the experimental obser-
vation, we assume a purely dissipative friction coefficient
λ˜ = λR. The quantitative agreement with the data at dis-
tances larger than 200 nm is excellent (see inset of fig. 5).
It allows one to conclude that at large distance, the flow
is indeed fully described by an apparent slip condition.
The values of the visco-elastic modulii of the HPAM
solutions measured for concentrations between 0.8 and
1.6 g/l are plotted in fig. 6. Both the viscosity ηR and
the shear modulus GR depend on the concentration and
on the experimental frequency. For the variation with the
concentration, we find a good agreement with a power law
in exponent 3/2 (dashed lines in fig. 6). This is in good
agreement with the theoretical expectations for polymer
solutions in the semi-dilute entangled regime [30], which is
the case of our solutions. More precisely, the steady-stage
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Fig. 6. Top graph: real value of the viscosity ηR as a function of
the HPAM concentration (◦) 30 Hz, (◦) 220 Hz, (◦) 248 Hz. The
dashed-lines are best power-law fits in c3/2, ηR = ηs + Ac
3/2.
The prefactor A depends on frequency. Bottom graph: real
value of the shear modulus GR at different frequencies () 30
Hz, () 220 Hz, () 248 Hz. The dashed-lines are best power-
law fits in c3/2, GR = Ac
3/2.
shear viscosity and the plateau shear modulus of semi-
dilute entangled polyelectrolyte solutions are expected to
scale as c3/2. We observe that these scaling laws hold for
the linear visco-elastic modulus at finite frequency mea-
sured here. For the frequency variation, the ratio of the
prefactors A of the c3/2 power law followed by the viscosity
ηR, A(220)/A(30) = 2.15 = (220/30)
−0.38, is compatible
with a variation ηR ∝ ω−n with 1/3 ≤ n ≤ 1/2. The simi-
lar ratio for the shear modulus GR, A(220)/A(30) = 3.4 =
(220/30)0.61, is compatible with a variation GR ∝ ωn with
1/2 ≤ n ≤ 2/3.
The values of the boundary friction coefficient λ˜ = λR
of the solutions are plotted in fig. 7. The boundary fric-
tion is not only purely dissipative, but also independent
of frequency in the range studied. This should be empha-
sized, considering the significant variation with frequency
of the bulk modulus of the solution. In contrast to the bulk
visco-elastic character of the polyelectrolyte solutions, the
friction coefficient on the wall appears to be essentially
Newtonian, real-valued and frequency independent.
The absolute value of the slip lengths |η˜|/λ associated
to the interfacial friction coefficients found here lie in the
range of 250 nm (248 Hz) to 850 nm (30 Hz). This is sig-
nificantly smaller than the slip lengths of 5 µm to 15 µm
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face as a function of the concentration at different frequencies:
30Hz (•), 220 Hz, (•) 248 Hz, (•) 248 Hz.
obtained by Cuenca et al [16] in submicrometric and mi-
crometric nanochannels. However, this apparent discrep-
ancy might be a spurious effect of using the slip length to
characterize the boundary condition of a non-Newtonian
liquid. As shown in [35] the slip length does not truly re-
flect the interfacial boundary rheology of a complex fluids,
as it incorporates the properties and variations of its bulk
rheology. The bulk viscosity of HPAM solutions in Cuenca
et al is a steady-state viscosity, of values in the range 0.01
- 0.1 mPa.s, somewhat larger than our finite-frequency
viscosities. The ratio η/b in their experiments lies in the
tens of kPa.s/m, slightly lower but of similar magnitude
than the friction coefficients measured in our experiment.
The larger slip length reported by Cuenca et al could just
be an effect of the bulk viscosity decay with frequency in
the non-Newtonian HPAM solutions, not related to the
boundary hydrodynamics.
In view of the picture emerging from the equilibrium
force of a liquid/solid interface containing adsorbed chains
and an EDL made of counterions, it is tempting to at-
tribute the fully Newtonian friction of the solutions onto
the solid wall to the lubrication effect of a thin layer of low
viscosity liquid. Large wall slippage of polyelectrolyte solu-
tions have indeed been reported previously in porous me-
dia, membranes [20,39,40], Surface Force measurements
[15], as well as in solid-state nano-fluidic channels [16], and
attributed to a depletion layer at the solid/liquid interface.
Assuming a depletion layer of pure water of viscosity 0.85
mPa.s at the experiment temperature, the friction coeffi-
cients of fig. 7 would correspond to values of the depletion
layer thickness ed ≈ ηwater/λR between 40 nm at 0.8 g/l
to 26 nm at 1.6 g/l. The next paragraph analyzes in more
detail the mobility of polyelectrolyte solutions confined at
this scale.
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4.2 Thin films
The dynamic components of the reduced mobility in a
typical experiment, at sphere-plane distances below 40nm,
are plotted on fig. (8) superimposed with the static force
Fstat/R. It appears clearly at this scale, that the predic-
tion of the flow model with a partial slip boundary con-
dition located at the distance origin, overestimates badly
the dissipative component of the mobility, by a factor as
large as 4. More specifically, in the range of distance where
a significant repulsive interaction force is measured, the
dissipative component of the reduced mobility increases
linearly with the distance, in a manner equivalent to that
of a liquid of viscosity η1 flowing with a no-slip or very
small slip b.c. (less than 2 nm) with respect to the cho-
sen distance origin. The viscosity η1 as extracted from the
slope is of 0.9 mPa.s in this specific experiment, very close
to the viscosity of water in these conditions.
This behavior supports clearly the existence of a layer
of reduced viscosity at the adsorbed polyelectrolyte/solution
interface. A decrease of the average viscosity of thin poly-
electrolyte films has already been observed in pionnering
dynamic SFA experiments [41,42]. In hyaluronic acid con-
fined between non-adsorbing mica surfaces, Tadmor et al
[41] found a linear decrease of the average viscosity be-
low a gap of 400 nm, reaching the pure water viscosity
at zero film thickness. Kuhl et al [42] found a similar re-
duction of the average viscosity of aqueous polyethyelne
glycol films confined between bilayers. In both cases, the
hydrodynamic force was interpretated in terms of effective
(average) liquid viscosity for a given value of the confine-
ment, and the limit viscosity was found to be that of the
solvant.
Chloe´ Barraud et al.: Boundary flow of viscoelastic polyelectrolyte solutions 7
2.5
2.0
1.5
1.0
0.5
0.0
6040200
60
40
20
10x10350  10
µ˜
R
2
(µ
m
/P
a.
s)
µRR
2
µIR
2
D (µm)
D (nm)
7
0.01
0.1
1
10
100
 
10
0
10
1
10
2
10
3
10
4
µ˜
R
2
(µ
m
/P
a.
s)
µRR
2
µIR
2
D (nm)
8
Fig. 9. Components of the reduced mobility in a HPAM so-
lution of 1 g/l at 220 Hz (red: dissipative component, blue:
elastic component) as a function of the sphere-plane distance.
(a) Linear scale. The black continuous lines are the components
of the two-fluid model (eqs 12) calculated with e = 33 nm and
η1 = 0.85 mPa.s. The inset shows the plot at the micrometric
scale. (b) log-log scale. The black dashed-line is the theory for
a partial slip boundary condition enforced at D=0 (eq. 7).
In order to determine more precisely the thickness of
the reduced viscosity layer in our experiments, we compare
our data with a two-fluid flow model, incorporating on
each surface one layer of thickness e and of viscosity η˜1,
and a sharp viscosity contrast with the bulk (of visco-
elasticity η˜). The reduced mobility writes (see Appendix):
µ˜R2 =
D
6piη˜
(
f∗
(
D
e
))−1
δ˜ =
η˜
η˜1
− 1
f∗(x ≥ 2) = 2x
3∑
n=1
αn(x−An) ln(1−An/x)
f∗(x ≤ 2) = 2x
3∑
n=1
αn(x−An) ln(1− An
2
) +
(x− 2)2
4(δ + 1)
αn =
1
12δ(δ + 1)γn
An = −2δ˜jnβγn
γn =
1
jnβ
+ 1 + jnβ (jnβ)3 =
1 + δ˜
δ˜
.(12)
At small values of the distance D  e, the mobility re-
duces to µ˜R2 ' D/6piη1 (see Appendix). Therefore the
actual viscosity of the interfacial layers can be determined
from the slope of the components of µ˜R2 at small distance.
We compare the two-fluid model to the experimental
data by keeping the value of the bulk visco-elastic mod-
ulus η˜ equal to that found in the thick film analysis. We
also enforce a viscosity η1 of the fluid layer coating the sur-
faces, equal to that of water, in good coherence with the
slope of the data at small distances. Thus only the thick-
ness e of the coating layers is adjusted. Figure 9 shows
that the two-fluid model provides a much better descrip-
tion of the mobility at the microscopic scale, than the
partial slip theory enforced at D = 0. In the exemple of
the figure (concentration 1 g/l, frequency 220 Hz) the lay-
ers thickness found is e = 33 nm. The two-fluid model
is essentially identical to the partial slip boundary condi-
tion model at distances D ≥ 10e. At smaller scale (larger
confinement) the finite thickness of the lubricating layer
at the wall interface cannot be ignored anymore, and the
partial slip b.c. model becomes inaccurate. The two-fluid
model is in excellent agreement with the dissipative part
of the mobility from the macroscopic scale down to 4 nm,
for a unique value of the boundary layer thickness e. The
deviation with the data below 4nm, is compatible with
expected elasto-hydrodynamic effects due to the elastic
deformation of the confining surfaces, as described in [43,
44]. The deviation of the two-fluid model from the elastic
component of the data at small scale extends to a some-
what larger distance. The slightly larger value of the data,
could be due to the effect of a fluid surface tension between
the two layers, not taken into account in the model.
Figure (10) shows the thickness values e of the low
viscosity interfacial layers, obtained from the fit of the
data with the two-fluid model. For all the analyzed data,
the value at small distance of the slope of the dissipative
component µ˜RR
2 is well described by the viscosity of pure
water (as in fig. 8) therefore the interfacial viscosity η1
is kept equal to ηwater. The values of the thickness for
concentration ranging from 0.8 to 1.6 g/l, vary between
26 nm to 40 nm, in good quantitative agreement with
what can be expected from the friction coefficient of the
thick film model e ' ληwater. One also observes that as λ,
the thickness e does not depend on the forcing frequency.
The thickness of the interfacial layer depends signif-
icantly on the concentration of the semi-dilute solution,
decreasing by a ratio of 1.5 when the concentration in-
creases by a factor of 2. In the limited range of concentra-
tion studied, the variation of the thickness e is compatible
with a power law c−n with 1/2 ≤ n ≤ 3/4. The figure 10
shows a comparison with a power law in c−1/2.
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Fig. 10. Thickness of the interfacial layer of water e obtained
from the two-fluid model, as a function of the concentration of
the solution C in g/l: () 30 Hz, () 220 Hz, () 248 Hz. The
dashed black lines plots the power-laws y = (ξ + 2lD)C
−1/2
with ξ = 23 nm and lD = 5.8 nm.
5 Discussion
Our nanorheology experiments performed on the dynamic
Surface Force Apparatus confirm the low friction of poly-
electrolyte solutions on solid surfaces, as already observed
in flow experiments involving other type of confined ge-
ometries (porous media, membranes [20,39,40], solid-state
nano-channels [16] and SFA [15]).
In these previous experiments, the low friction at the
solution/solid interface was interpreted in terms of a large
slip length. Our results strongly suggest that the value of
the slip length is not appropriate to compare the wall slip
of non-Newtonian liquids, as the actual relation between
the shear stress and the shear rate at the wall may de-
pend on the experimental conditions. The values of the slip
lengths found at the micrometric scale in the present oscil-
latory experiments are more than one order of magnitude
smaller than that found by Cuenca et al in steady-state
conditions for similar confinements. However the friction
coefficients in the two sets of experiments are of same mag-
nitude, in the tens of kPa.s/m. Investigating the boundary
conditions of the solutions over one decade of frequency,
we find that the solid/solution friction coefficient is fully
Newtonian: the slip velocity follows the shear stress at the
wall instantaneously and independently on the frequency.
The extended spatial range of our dynamic Surface
Force Apparatus allows one to clearly demonstrate that
the low friction of the solution at the wall is associated
to the presence of a low viscosity fluid layer coating the
solid surfaces, whose thickness and viscosity are directly
resolved. Incorporating this low viscosity layer in a classi-
cal two-fluids hydrodynamic model, we find that the hy-
drodynamic force is described accurately from the macro-
scopic scale down to 4 nanometers. This result does not
support the finding of Cuenca et al of a wall slip reduction
with increasing confinement [16]. However, the two-fluid
model shows that the partial slip boundary condition is
a macroscopic approximation which holds only at confin-
+ ++ + ++ + + + + + +
+lD
⇠
+ ++ + ++ + + + + + +
+
+ + + +
lD
e
4
+ ++ + ++ + + + + + +
+lD
⇠
+ ++ + ++ + + + + + +
+
+ + + +
lD
e
4
Fig. 11. Schematic drawing of possible scenarii for the low
viscosity layer at the solution/solid interface.
ing distances ten times larger than the thickness of the
lubricating layers. At smaller gaps, the partial b.c. model
overestimates the liquid mobility. Therefore, as Cuenca
et al estimate the slip b.c. from flow rate measurements
in nanochannels of height less than ten times the thick-
ness of their depletion layer, we think that the reduction
of slip that they report with increased confinement, may
be partially explained by the too severe approximation of
neglecting the finite thickness of the depletion layer.
We discuss now the physical origin of the boundary
low viscosity layer. A strong characteristic revealed by
the present experiments, is that the layer thickness does
neither depend on the frequency nor on the sphere-plane
distance, and is thus independant on the flow shear rate.
More specifically, by combining the different frequencies
investigated with the variation of the sphere-plane dis-
tance, we estimate that the domain of shear rated covered
in these dynamic force measurements lies between 10−5 to
10−2 s−1. The absence of shear rate dependency over this
range does not support a dynamic mechanism of formation
of the boundary layer, such as shear-induced migration of
polymer chains, segregation under flow, or similar flow-
induced structural changes at the interface, which have
been reported at higher shear rates [25]. Rather, it sug-
gests that in our experimental conditions, the presence
of the low viscosity layer coating the solid surfaces is an
equilibrium property of the solid/solution interface.
The values of the thickness e of the boundary layer are
significantly larger than the Debye’s length lD screening
the electrostatic interactions with the solid wall and the
chains adsorbed on it. It is also larger than the estimated
correlation length ξ of the semi-dilute solutions (23 nm
at 1 g/l). But the variation of e with the solution con-
centration is compatible with that of these two quantities,
which both vary as C−1/2. Based on this considerations
one can think of two scenarii for the microscopic origin of
the boundary low viscosity layer.
In the first scenario the low viscosity layer is an actual
depletion layer, containing essentially no or very few poly-
mer chains. The latter are expelled out of the boundary
layer by equilibrium interactions. However the equilibrium
interactions between the surfaces are directly measured by
the SFA, and they appear to be negligible at a distance
D = 2e where the depletion layers start to overlap. The
reason why the polymer chains would be repelled away
from the surface on a scale significantly larger than the
scale of the interaction, here the Debye’s length lD, is un-
clear.
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In the second scenario the low viscosity layer is not a
depletion layer. The concentration of the polymer in this
layer is essentially the same as in the bulk, except at a
distance from the wall governed by the equilibrium inter-
action. However, below the bulk correlation length of the
semi-dilute solution, the bulk viscosity is not achieved,
as there are no significant chain interactions or entangle-
ments. The low viscosity layer thus contains loose chain
loops not interacting between themselves, but also not ad-
hering to the solid surface from which they are repelled by
the negative electrostatic potential. Therefore the effective
viscosity in this layer could be close to that of the solvant.
In this scenario, sketched in fig. (11), the thickness of the
low viscosity layer is e ' ξ+αlD with α of order of unity.
A value α = 2 could account for the measured value of
the layer thickness, as plotted in fig. (10).
6 Conclusion
Thanks to a Dynamic Surface Force Apparatus we have
measured in the same experiment the equilibrium interac-
tions and the hydrodynamic properties in a confined poly-
electrolyte solution. The polyelectrolyte chains adsorb on
the surface in a dense compact layer, on which the vis-
coelastic solution flows with an apparent slip boundary
condition. The slip is described at large scale by a New-
tonian interfacial friction coefficient, whose origin lies in
a layer of same viscosity as water, separating the com-
pact adsorbed layer and the bulk visco-elastic solution.
The thickness of this low viscosity boundary layer is di-
rectly resolved for the first time to our knowledge. It is
found to be an equilibrium property of the adsorbed poly-
electrolyte/bulk solution interface, independant on shear
rate, flow frequency, and confinement. It is slightly larger
than the estimated correlation length of the semi-dilute
solution.
This work calls for additional theoretical work in order
to understand the relation between the local viscosity and
the concentration profile at a polyelectrolyte/wall inter-
face. From an experimental standpoint, it would be inter-
esting to conduct structural experiments to determine the
concentration profile at the interface, and to extend both
the concentration range, the polymer properties, and the
salinity of the solutions.
This research was supported by the ANR program
ANR-15-CE06-0005-02.
Appendix: two-fluid model
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In this model the sphere and the plane are both covered
with a liquid layer of thickness e and of viscosity η1. The
viscosity of the surrounding liquid is η2, and δ = η2/η1−1
is the relative excess viscosity. At small gap D  R, and
if the sphere motion is slow compared to the diffusion
time across the fluid films (D˙  η1/ρD, with ρ the fluid
density) the lubrication properties are met: the velocity
profile vr(y) is parallel to the plane, the pressure P (r) is
uniform across the film thickness, and the average velocity
is locally proportionnal to the pressure gradient:
u(r) =
1
z
∫ z
0
vr(y)dr = −K(z)
η2
dP
dr
(13)
The velocity profile obeys the Stokes equation in each
phase, the no-slip b.c. on each solid surface, and the con-
dition of continuity of velocity and tangential stress at the
two liquid interfaces. One get:
0 ≤ y ≤ e vr(y) = ∇P
2η1
y(y − z)
e ≤ y ≤ z
2
vr(y) =
∇P
2η2
(
y2 − z(y + δe) + δe2)
z
2
≤ y ≤ z vr(y) = vr(z − y)
z ≥ 2e K(z) = K2(z) = z
2
12
+
e
2
δ
(
z − 2e+ 4e
2
3z
)
z ≤ 2e K(z) = K1(z) = z
2η2
12η1
.(14)
The volume conservation at velocity D˙ writes:
2pirzu(r) = −pir2D˙ (15)
Here we consider the total volume conservation only, and
assume that the solvant exchange between the two phases
ensures that the thickness e remains uniform.This leads,
using (13) and the parabolic approximation z = D+r2/R,
to:
P (z) = −Rη2D˙
2
∫ ∞
z
dz′
z′K(z′)
(16)
so that the hydrodynamic force writes:
F (D) =
∫ ∞
0
2pirP (r) = −piRη2D˙
∫ ∞
D
dz
∫ ∞
z
dz′
z′K(z′)
(17)
In an oscillatory flow at frequency ω/2pi the forcing
velocity is D˙ = Re[ihoωe
iωt]. In the limit of linear re-
sponse ho  D, all the dynamic quantities are harmonic
functions of time at the forcing frequency, and are char-
acterized by their complex amplitude only. In the above
equations, only the terms in first order of ho are retained.
The set of equations (14) remains valid with the viscosities
η1, η2 replaced by their complex visco-elastic analogous η˜1
and η˜2, and eq. (17) with η2 replaced by the visco-elasticity
η˜2, gives the complex amplitude of the oscillating hydro-
dynamic force.
10 Chloe´ Barraud et al.: Boundary flow of viscoelastic polyelectrolyte solutions
Defining the non-dimensional variable ζ = z/e and
functions κi(ζ) = 12zKi(z)/e
3, one get the following ex-
pressions:
F (D) = −6piη2R
2D˙
D
f∗(D/e)
f∗(x) = 2x
∫ ∞
x
dζ
∫ ∞
ζ
dζ ′
κ(ζ ′)
ζ ≤ 2 κ(ζ) = κ1(ζ) = (δ + 1)ζ3
.
ζ ≥ 2 κ(ζ) = κ2(ζ) = ζ3 + 6δζ2 − 12δζ + 8δ (18)
The 3 complex roots of κ2(ζ) are:
An = −2δ(1 + jnβ + j2nβ2) (jnβ)3 = 1 + δ
δ
j = e2ipi/3
(19)
(note that δ is a complex number) and its inverse decom-
poses in algebraic fractions as:
1
κ2(ζ)
=
3∑
n=1
αn
ζ −An αn =
1
12δ(δ + 1)γn
with γn =
1
jnβ
+ 1 + jnβ
and
3∑
n=1
αn = 0
3∑
n=1
αnAn = 0
3∑
n=1
αnA
2
n = 1 (20)
So that finally
f∗(x ≥ 2) = 2x
3∑
n=1
αn(x−An) ln
(
1− An
x
)
(21)
f∗(x ≤ 2) = 2x
∫ ∞
2
dζ
∫ ∞
ζ
dζ ′
κ2(ζ ′)
+
2x
∫ 2
x
dζ
{∫ ∞
2
dζ
κ2(ζ)
+
∫ 2
ζ
dζ ′
K1(ζ ′)
}
(22)
f∗(x ≤ 2) = 2x
3∑
n=1
αn(x−An) ln(1− An
2
) +
(x− 2)2
4(δ + 1)
(23)
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